The use of hydrogen as an alternative to fossil fuels for vehicle propulsion is already a reality. However, due to its physical characteristics, storage is still a challenge. There is an innovative way, presented in this study, to store hydrogen in conventional vehicles propelled by spark-ignition reciprocating engines and fuel cells, using hydrogen as fuel; the storage of hydrogen will be at high pressure within small spheres randomly packed in a tank, like the conventional tank of fuel used nowadays in current vehicles. Therefore, the main purpose of the present study is to assess the performance of this storage system and compare it to others already applied by car manufacturers in their cars. In order to evaluate the performance of this storage system, some parameters were taken into account: The energy stored by volume and stored by weight, hydrogen leakage, and compliance with current standards. This system is safer than conventional storage systems since hydrogen is stored inside small spheres containing small amounts of hydrogen. Besides, its gravimetric energy density (GED) is threefold and the volumetric energy density (VED) is about half when compared with homologous values for conventional systems, and both exceed the targets set by the U.S. Department of Energy. Regarding the leakage of hydrogen, it complies with the European Standards, provided a suitable choice of materials and dimensions is made.
Introduction
Some experts predict that, in the future, hydrogen will be used as a general-purpose energy vector, either for storing or transporting energy [1, 2] . Major economies, like the Chinese, [3] [4] [5] , German [6] , and Japanese [7] economies, and that of the United States [8] , among others, are about to boost the use of hydrogen, since their leaders are prone to establishing a friendly economic and political background. However, to achieve this goal, a great amount of work is still needed because there is a lack of infrastructure, namely refueling stations [9, 10] .
It is also possible to use an eventual surplus of renewable energy production from the wind, sun, and other sources to obtain hydrogen that can be stored until it is required by consumers [11] . In the cases of such surpluses, Tarkowski [12] studied the feasibility of underground hydrogen storage using salt caverns, deep aquifers, depleted gas fields, and depleted oil fields.
Specifically, there is a growing interest in the application of hydrogen for vehicle propulsion. Therefore, the storage of this fuel in a vehicle is of great importance. Indeed, almost 70% of publications in this scientific area are about the storage of hydrogen [11] .
There are essentially two ways to store hydrogen [2] . The first way consists in storing hydrogen either as (i) compressed gas, or as a (ii) cryogenic liquid, or (iii) adsorbed in a metal, as a reversible metal hydride, or (iv) even adsorbed in carbon nanofibers [2, 13] . Alternatively, hydrogen is combined with certain chemical species, in order to get ammonia (NH 3 ), methanol (CH 3 OH), etc. This issue is discussed at length elsewhere, so only a brief summary of it will be given here to allow the full assessment of the storage method for hydrogen studied in this paper.
It can be seen from Table 1 that hydrogen has a very low density, so, to get a large mass of hydrogen into a small container, the pressure of hydrogen in the container must be extremely high. Besides, hydrogen must be cooled down to −252.77 • C to liquefy, and even at such low temperatures its density is still very low, i.e., 77 kg m −3 [1, 14] . Table 1 . Basic chemical and physical data on hydrogen, methane, methanol, ethanol, and gasoline, adapted from [1, 13] . Crowl and Jo [15] distinguish the hazards and risks connected with the use of hydrogen. Hazards stem from the flammable and explosive nature of the fuel, whereas risk is a mixture of the probability of an accident and the consequences of the accident. Anyway, a safety issue arises with the minimum ignition energy of hydrogen, which is very small compared with the homologous values for other gases-see Table 1 for some examples-which implies that the combustion of hydrogen can be easily triggered. Another safety issue of hydrogen relates to its large flammability range. Thus, it the build-up of the amount of hydrogen in confined spaces should be averted. Luckily, on the one hand, the high diffusivity of hydrogen facilitates the aeration of spaces, and, on the other hand, the low molecular weight of hydrogen promotes its upward dispersion, thus being difficult to find a point, in a given room, within the flammability range.
Parameter
The present study is on an innovative way, proposed by Stenmark [16] , to store hydrogen in conventional vehicles. Reciprocating internal combustion engines, gas turbines, or even fuel cells can propel these vehicles. The fuel, hydrogen, is stored at high pressure within small spheres randomly packed in a tank, like the conventional tank of fuel used nowadays in current vehicles.
The main purpose of the study is to assess the features of such a storage method regarding the energy stored per volume of the system (VED), energy stored per weight of the system (GED), leakage of hydrogen from the system, compliance with current standards, and comparison with other storage methods for hydrogen. According to Zhang et al. [2] , for gaseous hydrogen stored at 700 daN cm −2 , which is the case for this storage method, the target established by the U.S. Department of Energy (US DoE) [17] for GED is 1.5 kWh kg −1 and for VED is 0.8 kWh L −1 .
Storage of Hydrogen

Compressed Gas
The most widespread storage method for hydrogen uses pressurized deposits, either man-made deposits or underground caves. According to Larminie and Dicks [13] , the storage of hydrogen as a compressed gas has some advantages, namely (i) simplicity, (ii) unlimited storage time, and (iii) no purity requirements for hydrogen. In fact, such a storage method is the most commonly used for small amounts of hydrogen, and the hydrogen is stored within cylinders of various sizes and at various pressures. Moreover, there are suppliers scattered across Europe that are able to quickly deliver such cylinders.
The mass of H 2 per volume of storage tank at 293.15 K is 16 kg m −3 at 200 daN cm −2 and 24 kg m −3 at 300 daN cm −2 . Such low values are caused by the low density of H 2 , even at high pressures. The same reason explains why the ratio of the mass of H 2 by the mass of both H 2 and the storage tank is seldom higher than 3% [18, 19] .
The material of the tank must be carefully chosen. Firstly, given that the molecule of H 2 is very small, its average velocity is very high. Thus, the permeation of H 2 through the walls of a containing tank is not negligible. Secondly, if the material of the tank is metallic, small bubbles of H 2 may appear entrapped within the walls of the tank with ensuing fissures on these walls. Finally, in tanks made of metallic alloys containing carbon, like steel, bubbles of CH 4 may appear, also entrapped within the walls of the tank, owing to a reaction between H 2 and carbon. As a result, the walls of the tank may crack, and such a phenomenon is the well-known hydrogen embrittlement. This hydrogen embrittlement can be averted with the addition of chromium and molybdenum to the steel [13, 20, 21] .
A leak of H 2 from tanks at high pressure can be very harmful because such tanks may become jet-propelled missiles, and the H 2 leaked can auto ignite in quite a large range of flammability limits, generating an invisible flame, which worsens the problem. These hazards are tackled with relief valves, ruptures discs, and flame traps fitted on the tanks.
Liquid
Valenti [22] claims that, in view of the mobility based on hydrogen, the distribution and storage of liquid hydrogen, commonly designated as LH 2 , is one of the most feasible options from energy, technical, and economic viewpoints. Liquid H 2 is stored at 22 K and, most of the time, below 5 daN cm −2 , as a cryogenic liquid within reinforced vacuum flasks, with capacities that can reach 3200 m 3 , as is the case of a facility of National Aeronautics and Space Administration (NASA). Some car manufacturers have devoted great effort to research concerning the application of LH 2 , as fuel, to internal combustion engines. The LH 2 is stored in cylindrical vacuum flasks, each with a capacity of 0.120 m 3 , which corresponds to 9.2 kg of LH 2 .
The rate of evaporation of H 2 inside the flasks depends on the thermal load (heat gains) on these flasks, which should be as low as possible. If the rate of evaporation of H 2 within the flask is higher than the H 2 consumption, then the pressure in the flask rises. The excess H 2 is either released to the atmosphere (small systems) or burnt in a flare stack (large systems). The pressure in the flask is kept constant through a relief valve and, as an extra safety device, a rupture disc is fitted to the flask to operate as a fuse sensible to pressure [1, 13, 23, 24] . The mass of H 2 per volume of storage tank reaches 43 kg m −3 and the ratio of the mass of H 2 by the mass of both the H 2 and the storage flask reaches 14%. Explosive mixtures of H 2 and air in the storage flask must be avoided. Thus, prior to their filling with H 2 , these flasks must contain nitrogen. According to Bossel et al. [25] , the liquefaction of H 2 consumes at least 30 MJ kg −1 .
Finally, some hazards arise due to LH 2 being a cryogenic substance. Insulation must be applied over the surfaces of pipes and vessels containing LH 2 , not only because contact with human skin and surfaces at such low temperatures is harmful to persons, but also to avoid liquefaction of the air with the subsequent formation of droplets of liquid air, which could cause explosion of nearby H 2 .
Reversible Metal Hydride
There are metallic alloys of iron, nickel, chromium, and titanium, for example, that absorb H 2 through a reversible chemical reaction according the model of A + H 2 → AH 2 , with A being the absorbing alloy and AH 2 a metal hydride. The metallic alloy is within a container, normally a cylinder prepared to withstand pressures up to 30 daN cm −2 . The mass of H 2 per volume of storage tank depends on the alloy employed. Some of these values are shown in Table 2 , and they are higher than the homologous values for the previously analyzed storage methods. The filling of the container by H 2 occurs according to the reaction, A + H 2 → AH 2 , which is slightly exothermic, almost isobaric at pressures in the range of 1 up to 2 daN cm −2 , and takes only some minutes, depending on the capacity of the container. The cooling of the container is important to keep the pressure constant during the filling process; the refrigerant used is usually ambient air. At the end of the filling process, no absorbing alloy A remains to react, which is apparent because the pressure starts to increase, and so the container must be shut. When the H 2 stored in the container is required by a consumer, the reverse reaction of A + H 2 → AH 2 must occur, i.e., the metal hydride is decomposed by AH 2 → A + H 2 , which, since this reaction is endothermic, is achieved by providing heat to the container, using either warm water or air.
The lifespan of these devices is such that the filling and discharge cycle can occur hundreds of times. However, the device can be prematurely damaged by excessive pressure during the filling process and by impurities in the hydrogen.
The superiority of this storage method of H 2 over the others relates to its low storage pressure; the system itself is safe when leakages occur from the container insofar as the temperature of the system drops in such cases, which stops the reaction of AH 2 → A + H 2 . The unwelcome features of this storage method of H 2 are mostly connected with its application in vehicles: Large volumes of containers for the normal autonomies required for cars; refilling times of nearly one hour for just 5 kg of H 2 ; the cooling and heating necessary for the filling and discharge processes; and the high purity required for H 2 to prevent damage to the system.
Carbon Nanofibers
Amorphous carbon, activated carbon, and graphite have been used, since a long time ago, to absorb some substances. Unfortunately, these materials are ineffective for storing hydrogen.
The target set by the Department of Energy of the USA for hydrogen storage with carbon nanofibers applied in vehicles propelled by fuel cells is 62 kg of H 2 per cubic meter of absorbent material and the percentage weight of stored H 2 to the total system weight is 5.5% [26] .
Nowadays, for H 2 storage, essentially three types of carbon nanofibers are objects of interest, namely: Graphitic nanofibers, single-walled nanotubes (SWNT), and multi-walled nanotubes (MWNT). The absorption of H 2 by MWNT can reach 5% (weight of stored H 2 to the total system weight) [27] .
Method of Assessment of the Proposed Storage System
As aforementioned, the present study is on an innovative way to store hydrogen in conventional vehicles to assess the performance of the storage system implied, and the methodology followed is summarized in Table 3 . Table 3 . Methodology followed to assess the performance of an innovative way to store hydrogen.
Methodology Summary
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Description of the storage system Step 2
Gravimetric energy density (GED), volumetric energy density (VED)
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3.1. Description of the Storage System (Step 1)
The aim of the innovative system studied in this paper is the feeding of internal combustion engines applied in automotive propulsion. Accordingly, the design of this system has three primary goals, namely, the improvement of (i) the ratio of the weight of stored H 2 to the total system weight and (ii) of the ratio of the weight of stored H 2 to the total system volume, and (iii) to instill confidence in the user.
The system consists of a set of loosely packed small spheres enclosed within a tank, which itself can take any shape, as shown in Figure 1 . Hydrogen is contained in the small spheres, at atmospheric temperature and high pressure; the pressure can reach a peak of 700 daN cm −2 . Each sphere has embedded a microchip, a rectangular parallelepiped solid (0.5 × 0.5 × 2.5 mm), that controls either the charge or discharge of the sphere by hydrogen. If the outside pressure surrounding the spheres, which is the pressure of hydrogen in the tank, is bellow a given value, say 5 daN cm −2 , then the outward flow of hydrogen from the spheres is halted by the microchip; otherwise, the spheres will leak, in a controlled way, hydrogen to be used by the consumer. Table 3 . Methodology followed to assess the performance of an innovative way to store hydrogen.
Methodology Summary Step 1 Description of the storage system
Step 2 Gravimetric energy density (GED), volumetric energy density (VED)
Step 3 Selection of materials for the sphere and permeation
Step 4 Safety factor (CS)
Step 5 Packing factor (PF)
Description of the Storage System (Step 1)
The aim of the innovative system studied in this paper is the feeding of internal combustion engines applied in automotive propulsion. Accordingly, the design of this system has three primary goals, namely, the improvement of (i) the ratio of the weight of stored H2 to the total system weight and (ii) of the ratio of the weight of stored H2 to the total system volume, and (iii) to instill confidence in the user.
The system consists of a set of loosely packed small spheres enclosed within a tank, which itself can take any shape, as shown in Figure 1 . Hydrogen is contained in the small spheres, at atmospheric temperature and high pressure; the pressure can reach a peak of 700 daN cm −2 . Each sphere has embedded a microchip, a rectangular parallelepiped solid (0.5 × 0.5 × 2.5 mm), that controls either the charge or discharge of the sphere by hydrogen. If the outside pressure surrounding the spheres, which is the pressure of hydrogen in the tank, is bellow a given value, say 5 daN cm −2 , then the outward flow of hydrogen from the spheres is halted by the microchip; otherwise, the spheres will leak, in a controlled way, hydrogen to be used by the consumer. 
GED and VED (Step 2)
The performance of the system was assessed through both the gravimetric and volumetric densities. The gravimetric energy density (GED) is the ratio of energy of hydrogen stored in a sphere by the total weight of hydrogen plus the sphere. The volumetric energy density (VED) is the ratio of energy of hydrogen stored in a sphere by the outer volume of the sphere. For a given inner diameter of a sphere, the energy of the hydrogen contained in the sphere is calculated through Equation (1):
where LHVH2 is given in Table 1 , and the mass of hydrogen within a sphere, mH2, is calculated by Equation (2):
RH2 is the ideal gas hydrogen constant, taken as 4124 J kg −1 K −1 ; TH₂ is the temperature of hydrogen, assumed as 293.15 K; and Z is the compressibility factor of hydrogen at 700 daN cm −2 and 293.15 K, taken as 1.46 [28] . 
where LHV H 2 is given in Table 1 , and the mass of hydrogen within a sphere, m H 2 , is calculated by Equation (2):
R H 2 is the ideal gas hydrogen constant, taken as 4124 J kg −1 K −1 ; T H 2 is the temperature of hydrogen, assumed as 293.15 K; and Z is the compressibility factor of hydrogen at 700 daN cm −2 and 293.15 K, taken as 1.46 [28] .
According to the above definitions, the gravimetric density is, as shown by Equation (3):
and the volumetric density is, as shown by Equation (4):
Selection of Materials and Permeation (Step 3)
Materials with high strength, such as steel, high magnesium-steel, aluminum alloys, titanium, magnesium, and magnesium alloys, are susceptible to hydrogen embrittlement, mostly at elevated temperatures, pressures, and exposure times [29] .
Initially, the sphere was considered to be made of one single material. The set of materials studied for the sphere is referred to in Table 4 , as well as their most relevant properties connected with the current study. Silicon (Si) was considered only for the microchip. The permeation of hydrogen through solid surfaces can be significant, which creates safety hazards since the leaking of hydrogen from within a pressurized tank to the outside can generate an explosion. The values of permeation are given in some bibliographic sources, but are associated with great uncertainties, and are not always expressed in the same units. Po stands for the value of permeation at 293.15 K and 101.3 kPa.
The tensile test diagram (elongations plotted along the horizontal axis and the corresponding stresses given by the ordinates) of the metallic materials of Table 4 show a noticeable yielding stress, σ yield , whereas for the polymeric and composite materials of Table 4 , only the fracture stress, σ str , is shown.
From Table 4 , it follows that the metallic alloys (Al 5050-H38, SS316, SS403, Inconel 600, Inconel 718, Ti, W) have lower values of permeation, but higher values of strength than the polymeric materials (high-density polyethylene, HDPE). Besides, the composite materials (carbon fiber epoxy, CFEP; glass fiber reinforced polymer, GFRP) have higher values of permeation and either equal or higher values of strength than the metallic alloys.
These considerations also suggest the study of spheres made of two materials, i.e., two concentric spherical layers: The inner layer, called the liner, to provide resistance to the permeation of hydrogen and, accordingly, Al5050-H38 was adopted for this layer; the outer layer, called the structural layer, to provide strength, and so CFEP was adopted. The materials considered for the microchip were either Si or SS316, because they are both already used in small electronic devices owing to their easy tooling capacities [16] .
Hydrogen leaks from a sphere by two ways: By permeation across the wall of the sphere, and through the interfaces microchip/spheres. The mole flowrate of hydrogen through the wall of a sphere made of two layers was calculated with the Equation (5) 
In Equation (5), the resistance to permeation at the interface of the two layers is neglected, which is a conservative assumption that overestimates the flowrate of hydrogen permeation from the spheres. Besides, the corrected values of permeation corrected used in Equation (5), either for the liner or the structural layer, must be expressed in mol m −1 s −1 . If Po is given in mol m −1 s −1 Pa −1 , then the value of the corrected permeation is calculated with Po times the pressure within the sphere; if Po is in mol m −1 s −1 Pa −0.5 , then the value of permeation corrected is calculated with Po times the square of the pressure within the sphere. Finally, for Po in mol m −2 s −1 Pa −0.5 , the value of corrected permeation is Po times the inner radius of the sphere and times the square of the pressure within the sphere. The value of the corrected value of permeation for the outer or structural layer was calculated assuming this layer is subjected to the same pressure as the inner layer, which again overestimates the flowrate of hydrogen permeation from the spheres. Overestimating the flowrate of permeation of hydrogen was a precautionary measure to avoid or mitigate hazards.
This flowrate of permeation through the microchip is, as shown by Equation (6):
The total mole flowrate of hydrogen through a sphere with the microchip incorporated is the sum of the values of Equations (5) and (6); it increases with the inner pressure/temperature and aging of the spheres.
The EU 406 regulation [38] concerns the technical approval of vehicles fueled by hydrogen contained within metallic or non-metallic reservoirs. The permeation flowrate can be neglected for metallic reservoirs (type 1, 2, and 3). Reservoirs made of polymeric materials (type 4) must be subjected to permeation tests. In fact, polymeric materials have much higher permeability than metallic materials [39] . Moreover, the same regulation allows a maximum permeation flowrate of 6 Ncm 3 h −1 L −1 (NPT) per liter of inner volume of the reservoir at steady state. This value is proposed in order to prevent inflammable mixtures of hydrogen and air in spaces, such as garages, for example, assuming the minimum air renovations per hour as 0.03 [40] .
Temperature also affects the permeation of hydrogen through walls [41] . It is likely that in the currently studied system temperature peaks of up to 85 • C can occur during the fast filling of spheres, but it is expected that temperatures below 50 • C will be normal. As the aforementioned tests will be performed at temperatures below 55 • C, it is necessary to use a correction factor to obtain the permeation flowrate at temperatures other than the test temperature from the experimentally obtained flowrate, [39, 42] .
As time goes by, the ability of a reservoir to hinder the permeation of hydrogen drops, i.e., the permeation value of its material, increases, but this phenomenon is not yet fully understood and, accordingly, an aging factor of 2 is assumed [39] . Returning to the present case, the value of hydrogen concentration, C % , see Equation (7), must be under 1%; C % is the ratio of the flowrate of hydrogen that leaves, by permeation, the envelope tank, Q g , and the sum of Q g with the flowrate of air into the space owing to air renovation, Q a :
then, Q px, , see Equation (8), is the maximum flowrate of the permeation of hydrogen:
where V int res is the inner volume of each sphere, fa is the aging factor of 2, and ft is the factor of correction for the temperature.
Safety Factor (Step 4)
Equation (9) was used to size the structural spherical layer with a thin wall ( t r 1):
where t is the thickness and r is the radius of the shell. The ISO 11119-3 standard [43] recommends the use of a safety factor, CS, in the range of 2 up to 3 for conventional reservoirs of carbon fiber. The currently studied storage system is composed of many small spheres, each containing small amounts of hydrogen (below 3 g) and, accordingly, the plausibility of a safety factor lower than 2, which will entail higher values of both VED and GED of the system. In fact, a report from Echtermeyer and Lasn [44] proposes, based on the DNV-OS-C501 standard [45] , new values of CS for sizing reservoirs made of composite materials and used for the storage and/or transport of hydrogen. Moreover, this report states that CS must guarantee the safety of the spheres, which is equated to stating that the hazard ensuing from the use of these spheres has to be socially acceptable. The report assesses the hazard acceptability with Table 5 that contains annual probabilities of failure according to nautical and aeronautical industries, as a function of the number of casualties or deaths. Table 5 . Annual probabilities of failure according to nautical and aeronautical industries, adapted from [44] .
Number of Casualties
Probability of Annual Failure <10 10 −5 to 10 −6 <100 10 −7 up to 10 −8 <1000 10 −9 , unacceptable According to Echtermeyer and Lasn [44] , it is sound practice to use a probability of annual failure inferior to 10 −6 for sizing pressurized reservoirs applied to vehicles, which corresponds to a number of casualties less than 10. The volume or mass of hydrogen transported corresponds, for the currently studied case, to just one sphere. This implies that in the case of the bursting of one sphere, the other spheres can be slightly affected, but not torn apart, and the amount of hydrogen released is the hydrogen contained in just one sphere. Table 6 shows estimations of the consequences of accidents and of the acceptable annual probabilities of failure, depending on the amount of hydrogen transported and the demographic density.
Echtermeyer and Lasn [44] also advise, following Table 6 , that the maximum amount of hydrogen to be transported must not exceed 1000 kg across scarcely populated areas, and 350 kg across densely populated areas. Following Tables 5 and 6 , these authors created safety classes with the purpose of defining a CS suitable for a given application, see Table 7 . Table 8 presents values of CS given by the authors for brittle fracture, depending on the safety class and the coefficient of variation of the material (CoV), provided that, in the case of impact, it will not be sustained by the spheres (in the current case, the impact must be sustained by the enclosing tank). The CoV is a factor related with the composite material of the spheres and takes into account the variation of the properties of such material (angles and properties of fibers) [44] . In the currently studied storage system, as the total amount of hydrogen contained in the system is under 5 kg and as each sphere contains less than 3 g of hydrogen, it is thus plausible to assume the low safety class. Besides, the CoV can be assumed as 12.5%, which is a conservative estimation. Then, the resulting CS can be taken as 1.41. Figure 2 represents a sphere composed of two materials with a microchip embedded. The materials considered for the microchip were Si and SS316. The shape of the microchip was considered as solid parallelepiped, neglecting the channels in it to control the charge and discharge of the sphere, (0.5 × 0.5 × 2.5 mm). The strength calculations of the spheres did not take into account the microchip. Table 7 . Safety classes depending on the probability of annual failure, adapted from [44] . Table 8 presents values of CS given by the authors for brittle fracture, depending on the safety class and the coefficient of variation of the material (CoV), provided that, in the case of impact, it will not be sustained by the spheres (in the current case, the impact must be sustained by the enclosing tank). The CoV is a factor related with the composite material of the spheres and takes into account the variation of the properties of such material (angles and properties of fibers) [44] . In the currently studied storage system, as the total amount of hydrogen contained in the system is under 5 kg and as each sphere contains less than 3 g of hydrogen, it is thus plausible to assume the low safety class. Besides, the CoV can be assumed as 12.5%, which is a conservative estimation. Then, the resulting CS can be taken as 1. 41 . Figure 2 represents a sphere composed of two materials with a microchip embedded. The materials considered for the microchip were Si and SS316. The shape of the microchip was considered as solid parallelepiped, neglecting the channels in it to control the charge and discharge of the sphere, (0.5 × 0.5 × 2.5 mm). The strength calculations of the spheres did not take into account the microchip. 
Type of Fracture
Safety Class
Packing Factor (Step 5)
It is paramount to increase, as much as possible, the number of spheres in the envelope tank. Aigueperse et al. [46] found that equal spheres thrown into a reservoir are likely to occupy the space according to arrangements like crystalline structures. The simplest arrangement of spheres is shown in Figure 3 and is known as a body centered cubic (BCC) structure. Here, (a) indicates the position of the spheres' centers, whereas at (b), the spheres are shown in the lattice. The packing factor, PF, of the BCC is approximately 0.52. 
It is paramount to increase, as much as possible, the number of spheres in the envelope tank. Aigueperse et al. [46] found that equal spheres thrown into a reservoir are likely to occupy the space according to arrangements like crystalline structures. The simplest arrangement of spheres is shown in Figure 3 and is known as a body centered cubic (BCC) structure. Here, (a) indicates the position of the spheres' centers, whereas at (b), the spheres are shown in the lattice. The packing factor, PF, of the BCC is approximately 0.52. According to a conjecture presented by Kepler at 1611 (one of David Hilbert problems), no threedimensional arrangement of spheres has a higher PF than the hexagonal close packing (HCP) [47] , see Figure 4 , where (a) indicates the position of the spheres' centers, and at (b), the spheres are shown in the lattice. The corresponding PF is approximately 0.74. In 1998, Thomas Hales presented a proof of the conjecture of Kepler, assisted by a computer program named proof assistant, Isabelle theorem prover HOL Light ® , and such proof was finally accepted in 2017 [48] . As shown in Figure 4b , the diagonal of each face of the cube is two times the diameter of the spheres.
Despite the afore-mentioned assumption of Aigueperse et al. [46] , there is, in fact, no way to guarantee a given lattice for the arrangement of spheres thrown into a reservoir. At this juncture, it is necessary to distinguish the packing randomly compact (PRC) and the packing randomly loose (PRL) arrangement. The PRC is the most compact possible arrangement for spheres randomly thrown into a reservoir and is only achievable with vibration of the reservoir [49] . Numerous experimental studies indicate values of PF converge towards 0.64 [50] . To the PRL, the value of PF is generally taken as 0.60 [50] . Onoda et al. [51] obtained a PF of 0.555 for spheres of glass immersed in a liquid, in a situation of negligible gravitational force. It must be said that PRC and PRL are modes of packing not fully understood yet, and what is known was obtained mostly through experimentation [50] . In Table 9 , some values of PF obtained by several authors are given. According to a conjecture presented by Kepler at 1611 (one of David Hilbert problems), no three-dimensional arrangement of spheres has a higher PF than the hexagonal close packing (HCP) [47] , see Figure 4 , where (a) indicates the position of the spheres' centers, and at (b), the spheres are shown in the lattice. The corresponding PF is approximately 0.74. In 1998, Thomas Hales presented a proof of the conjecture of Kepler, assisted by a computer program named proof assistant, Isabelle theorem prover HOL Light ® , and such proof was finally accepted in 2017 [48] . As shown in Figure 4b , the diagonal of each face of the cube is two times the diameter of the spheres. According to a conjecture presented by Kepler at 1611 (one of David Hilbert problems), no threedimensional arrangement of spheres has a higher PF than the hexagonal close packing (HCP) [47] , see Figure 4 , where (a) indicates the position of the spheres' centers, and at (b), the spheres are shown in the lattice. The corresponding PF is approximately 0.74. In 1998, Thomas Hales presented a proof of the conjecture of Kepler, assisted by a computer program named proof assistant, Isabelle theorem prover HOL Light ® , and such proof was finally accepted in 2017 [48] . As shown in Figure 4b , the diagonal of each face of the cube is two times the diameter of the spheres.
Despite the afore-mentioned assumption of Aigueperse et al. [46] , there is, in fact, no way to guarantee a given lattice for the arrangement of spheres thrown into a reservoir. At this juncture, it is necessary to distinguish the packing randomly compact (PRC) and the packing randomly loose (PRL) arrangement. The PRC is the most compact possible arrangement for spheres randomly thrown into a reservoir and is only achievable with vibration of the reservoir [49] . Numerous experimental studies indicate values of PF converge towards 0.64 [50] . To the PRL, the value of PF is generally taken as 0.60 [50] . Onoda et al. [51] obtained a PF of 0.555 for spheres of glass immersed in a liquid, in a situation of negligible gravitational force. It must be said that PRC and PRL are modes of packing not fully understood yet, and what is known was obtained mostly through experimentation [50] . In Table 9 , some values of PF obtained by several authors are given. Despite the afore-mentioned assumption of Aigueperse et al. [46] , there is, in fact, no way to guarantee a given lattice for the arrangement of spheres thrown into a reservoir. At this juncture, it is necessary to distinguish the packing randomly compact (PRC) and the packing randomly loose (PRL) arrangement.
The PRC is the most compact possible arrangement for spheres randomly thrown into a reservoir and is only achievable with vibration of the reservoir [49] . Numerous experimental studies indicate values of PF converge towards 0.64 [50] . To the PRL, the value of PF is generally taken as 0.60 [50] . Onoda et al. [51] obtained a PF of 0.555 for spheres of glass immersed in a liquid, in a situation of negligible gravitational force. It must be said that PRC and PRL are modes of packing not fully understood yet, and what is known was obtained mostly through experimentation [50] . In Table 9 , some values of PF obtained by several authors are given.
Pouliquen et al. [56] concluded that the speed at which the spheres are introduced into a reservoir varies inversely with the resulting PF; the minimum PF obtained was 0.62. Donev [54] obtained a PF equal to 0.625 with a cubic reservoir filled with spheres of a diameter equal to 3.175 mm. Computational simulations have shown that ellipsoids with ratios between great and small diameters in the range of 1.2 up to 1.3 can be accommodated with a PF equal to 0.73. Man et al. [55] have shown experimentally that the packing factor can reach 0.642 with glass spheres of an 11 mm diameter contained in a spherical reservoir, in which spheres were dumped randomly into the reservoir while it was manually shaken and isopropanol was used as a lubricant. 4. Results Figure 5 shows the GED evaluated with Equation (3). For a determined pressure and ID, the energy of the hydrogen contained within a sphere has a value given by Equation (1). Besides, the GED increases as materials with higher strength are used to make the spheres (and so the weight of the spheres drops). The gains of GED obtained using materials with a higher strength increase with the ID (GED is proportional to the cubic of ID). As can be seen in Figure 5 , for composite materials (CFEP and GFRP), values of GED are 3 to 8 times higher than for both polymeric and metallic materials. Pouliquen et al. [56] concluded that the speed at which the spheres are introduced into a reservoir varies inversely with the resulting PF; the minimum PF obtained was 0.62. Donev [54] obtained a PF equal to 0.625 with a cubic reservoir filled with spheres of a diameter equal to 3.175 mm. Computational simulations have shown that ellipsoids with ratios between great and small diameters in the range of 1.2 up to 1.3 can be accommodated with a PF equal to 0.73. Man et al. [55] have shown experimentally that the packing factor can reach 0.642 with glass spheres of an 11 mm diameter contained in a spherical reservoir, in which spheres were dumped randomly into the reservoir while it was manually shaken and isopropanol was used as a lubricant. Figure 5 shows the GED evaluated with Equation (3). For a determined pressure and ID, the energy of the hydrogen contained within a sphere has a value given by Equation (1). Besides, the GED increases as materials with higher strength are used to make the spheres (and so the weight of the spheres drops). The gains of GED obtained using materials with a higher strength increase with the ID (GED is proportional to the cubic of ID). As can be seen in Figure 5 , for composite materials (CFEP and GFRP), values of GED are 3 to 8 times higher than for both polymeric and metallic materials. Figure 6 shows the VED calculated with Equation (4). For a determined pressure and ID (and so of a given value of energy within a sphere), the VED increases as spheres are made of materials with higher strength (volume of the spheres drops). As can be seen in Figure 6 , composite materials (CFEP and GFRP) have the best values of VED (lowest values of the thickness of spheres). Figure 6 shows the VED calculated with Equation (4). For a determined pressure and ID (and so of a given value of energy within a sphere), the VED increases as spheres are made of materials with higher strength (volume of the spheres drops). As can be seen in Figure 6 , composite materials (CFEP and GFRP) have the best values of VED (lowest values of the thickness of spheres). Figure 7 shows the permeation flowrate calculated with Equation (5), considering that there is no microchip and the sphere is made of just one material. As expected, the graph shows that the leaks through permeation are lowest for spheres made with metallic materials, like Al and W, as shown by the values of permeation in Table 4 . Besides, as the volume (or the ID) of the sphere increases, then its thickness also increases, see Equation (9) , which explains the decreasing of the permeation flowrate with increasing ID. Figure 7 shows the permeation flowrate calculated with Equation (5), considering that there is no microchip and the sphere is made of just one material. As expected, the graph shows that the leaks through permeation are lowest for spheres made with metallic materials, like Al and W, as shown by the values of permeation in Table 4 . Besides, as the volume (or the ID) of the sphere increases, then its thickness also increases, see Equation (9) , which explains the decreasing of the permeation flowrate with increasing ID. Figure 7 shows the permeation flowrate calculated with Equation (5), considering that there is no microchip and the sphere is made of just one material. As expected, the graph shows that the leaks through permeation are lowest for spheres made with metallic materials, like Al and W, as shown by the values of permeation in Table 4 . Besides, as the volume (or the ID) of the sphere increases, then its thickness also increases, see Equation (9) , which explains the decreasing of the permeation flowrate with increasing ID. According to Figure 10 , which shows the total permeation value (across the sphere and across the microchip), it is clear that the permeation across the sphere is almost negligible when compared with the permeation across the microchip. Thus, it is plausible to consider that the permeation value across the microchip is the total permeation. It is also noted that the sphere with the microchip of Si does not comply with the limit that is established by the European Standard (6 cm 3 h −1 L −1 , see dashed line). In the case of the sphere with a microchip of SS316, only the spheres with an ID higher than 45 mm comply with the standard. According to Figure 10 , which shows the total permeation value (across the sphere and across the microchip), it is clear that the permeation across the sphere is almost negligible when compared with the permeation across the microchip. Thus, it is plausible to consider that the permeation value across the microchip is the total permeation. It is also noted that the sphere with the microchip of Si does not comply with the limit that is established by the European Standard (6 cm 3 h −1 L −1 , see dashed line). In the case of the sphere with a microchip of SS316, only the spheres with an ID higher than 45 mm comply with the standard. According to Figure 10 , which shows the total permeation value (across the sphere and across the microchip), it is clear that the permeation across the sphere is almost negligible when compared with the permeation across the microchip. Thus, it is plausible to consider that the permeation value across the microchip is the total permeation. It is also noted that the sphere with the microchip of Si does not comply with the limit that is established by the European Standard (6 cm 3 h −1 L −1 , see dashed line). In the case of the sphere with a microchip of SS316, only the spheres with an ID higher than 45 mm comply with the standard. Table 10 presents the major characteristics of the complete storage system (storage tank + spheres), using spheres with an ID of 70 mm, a packing factor between 0.52 and 0.74, a safety factor of 1.41, and a 0.122 m 3 internal volume tank for the two types of microchip material. Figures 11 and 12 show the comparison between the system under study and two actual road vehicles: Toyota Mirai and Hyundai Nexo. The GED of the sphere system is about 3 times higher than the GED for the vehicles mentioned because the total mass of the system is only 15% to 20% of their mass storage system. On the other hand, the VED and the total mass of H2 stored is only about 50%, making these indicators a major disadvantage of the system studied against the actual hydrogen propulsion road vehicles. Regarding the Mirai and Nexo vehicles, the values shown are provided by the manufacturers. The values of the system under study have a range bar due to several values being adopted to the packaging factor and the density of the chip material [57, 58] . Table 10 presents the major characteristics of the complete storage system (storage tank + spheres), using spheres with an ID of 70 mm, a packing factor between 0.52 and 0.74, a safety factor of 1.41, and a 0.122 m 3 internal volume tank for the two types of microchip material. Figures 11 and 12 show the comparison between the system under study and two actual road vehicles: Toyota Mirai and Hyundai Nexo. The GED of the sphere system is about 3 times higher than the GED for the vehicles mentioned because the total mass of the system is only 15% to 20% of their mass storage system. On the other hand, the VED and the total mass of H 2 stored is only about 50%, making these indicators a major disadvantage of the system studied against the actual hydrogen propulsion road vehicles. Regarding the Mirai and Nexo vehicles, the values shown are provided by the manufacturers. The values of the system under study have a range bar due to several values being adopted to the packaging factor and the density of the chip material [57, 58] . (a) (b) Figure 11 . Comparison between the system under study and the storage systems of Toyota Mirai and Hyundai Nexo, regarding the (a) GED and (b) total system mass.
Results
(a) (b) Figure 12 . Comparison between the system under study and the storage systems of Toyota Mirai and Hyundai Nexo, regarding the (a) VED and (b) the mass of stored hydrogen.
Conclusions
The hydrogen storage system studied in this paper is safer than the conventional systems for the same purpose, since the mass of hydrogen is divided, as required, in several small spheres containing nonhazardous amounts of fuel. The chief advantage of this system, when compared with systems already adopted by car manufacturers, is its GED, whereas it performs not so well in terms of VED. It exceeds the target set by the US DoE of GED = 1.5 kWh kg −1 and of VED = 0.8 kWh L −1 . Moreover, both GED and VED increase with increasing internal diameters of spheres.
The leakage across spheres is negligible when compared with the leakage across the microchip. However, it must be stressed that, regarding leakage, not all materials are suitable for the construction of the microchip, namely Si.
The packing factor must be as high as possible to increase the GED and VED, which is achievable through vibration, lubrication, the speed at which the spheres are introduced into the envelope tank, and the possibility of using spheres with different diameters. 
The packing factor must be as high as possible to increase the GED and VED, which is achievable through vibration, lubrication, the speed at which the spheres are introduced into the envelope tank, and the possibility of using spheres with different diameters.
Beyond the scope of the present study was the charge and the discharge of the envelope tank, with which arise new challenges, at the fuel stations, a matter that still needs to be solved.
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